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1.0 INTRODUCTION 

This  report  contains the pseudonoise (PN) code l ib ra ry  for  the 

Tracking and Data Relay Satellite System (TDRSS) Services. This  

l ib ra ry  h a s  been defined a s  a resu l t  of work ca r r i ed  out by Robert Gold 

Associates fo r  N,GA Goddard Space Flight Center  under Contract 

NAS 5-22546. 

The code l i b ra ry  contained here in  i s  chosen to minimize u s e r  

transponder hardware requirements  and optimize system performance. 

Special precautions were  taken to insure  sufficient code phase separat ion 

where required,  t o  minimize cross-correla t ion sidelobes, and to  avoid 

the generation of spurious code components which would interfere  1t1 th 

system performance. 

2.0 P N  CODE LIBRARY FOR TDRSS 

The P N  code l i b ra ry  for  TDRSS se rv i ces  i s  listed in Table  1. 

Eighty-five code assignments a r e  identified, 111th each code assignment 

consisting of P N  codes for  all  forward and r e tu rn  link channels and for  

all modes of operation. Each u s e r  spacecraf t  will receive a code assign- 

ment number which uniquely defines (via Table 1) a s e t  of dedicated P N  

codes. In what follows, the individual code l i b ra r i e s  a r e  described and 

the use of Table 1 is illustrated. 

When code generator  feedback taps a r e  specified in octal  notation 

in  Table 1, the translation to actual feedback taps  may be  ca r r i ed  out a s  

i l lustrated in the following example. 

Octal  notation: 1 0 2 2 0 0 5 

Binary: 001 000 010 010 000 000 101 

Polynomial: x18 + X I 3  + x10 + x2 + 1 

The stage of the feedback shift r eg i s t e r  code generator  which rece ives  the 

output of the modulo-two adder corresponds to  the x t e r m  of the poly- 
2 

nomial; the next stage corresponds to the x t e r m  of the polynomial, etc. 



The jth - stage of the shift regis ter  has a feedback tap if and only i f  the 
j coefficient of the x term of the polynomial i s  not zero. 

Column 1 of Table 1 designates :he user  number to which is 

assigned all the codes of that p ~ r t i c u l a r  row. 

Column 2 of Table 1 defines the user-unique initial conditions 

in binary notation of stages 3 through 9 of the A register generating the 

command channel P N  code. The initial conditions for stages 1, 2 and 10 

of the A register  a r e  always zero. (The stage that receives the feedback 

from the modulo-2 adder is designated a s  the f i rs t  stage. ) The corre-  

sponding initial conditions for the B register a r e  always 1 0 0 1 0 0 1 0 0 0, 

The Gold codes defined by these initial conditions will be balanced in the 

sense that the number of ones in the code sequence exceeds the number 

of zeros  by one. As an example of the use of this column, the initial 

conditions of the command channel P N  code generator for user code 

assignment 12 is illustrated in Figure 1. 

Column 3 of Table 1 lists the octal representation of the feed- 

back taps for the range channel P N  code generator. As an example, the 

feedback taps for  the code generator for  user  code assignment 12 a r e  

listed a s  1023103 (octal) r 001 000 010 01 1 001 000 011 (binary) r 
9 6 

xl* +x13 + x1° + x + x + x +  1 (polynomial). The configuration of the P N  

code generator for user code assignment 12 is illustrated in Figure 2. 

Column 4 is an octal definition of the feedback taps for  the Mode 1 

return link P N  code generator. The configuration of the P N  code generator 

for user  code assignment 12 is illustrated in Figure 3. The modulo-2 sum 

of the I channel code and the tap from the ninth stage of the shift register  

is used a s  the Q channel code. The codes chosen have the following 

properties: 

( a )  The phase difference between the I and Q channel codes will 

be in excess of 20,000 chips. The exact phase difference in chips between 

these two codes fo r  each user  i s  listed in Column 5. 

(b) The spurious codes generated due to filtering and 1imi;ing of 

the I and Q channel codes will be phase shifts of each of these codes. 



The relative phase between the spurious codes and the I and Q channel 

codes will be  in excess  of 5000 chips, 

Column 6 of Table 1 contains the octal representation of the initial 

conditions for  the eleven s tages  of the A r eg i s t e r  of the shift reg is te r  con- 

figuration generating the Mode 2 re turn  link I channel code, The initial 

conditions of the B r eg i s t e r  mus t  be 001 (octal) 5 0000000001 (binary) as 

shown in Figure  4. 

Column 7 of Table 1 contains the octal representation of the initial 

conditions f o r  the eleven s tages  of the C regis t& of the shift reg is te r  con- 

figuration generating the Mode 2 r e tu rn  link Q channel code. 

When the code pa i r s  'determined by the initial conditions of columns 

6 and 7 a r e  used for  the I and Q channels of the Mode 2 re turn  link, the 

spurious Gold codes generated on these channels due to  fi l tering and hard-  

limiting will not be m e m b e r s  of the code l ib ra ry  of Table 1. 

All Mode 2 re turn  link codes a r e  balanced. 
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3.0 SPURIOUS CODES DUE TO FILTERING AND LIMITING 

3.1 Introduction 

The filtering and hard-limiting of a s taggered quadriphase P N  

(SQPN) signal  can r e s u l t  in spur ious  PI4 sequences in the  I and Q channels. 

These  spurious sequences m a y  r e s u l t  in  fa lse  corre la t ion  peaks  whose 

amplitude and phase will depend on the codes originally used on the I and 

Q channels. This  phenomenon was repor ted  in  Ul where a physical explan- 

ation f o r  i t s  occurrence  was described. In the  section, we descr ibe  

techniques fo r  the construct ion of TDRS code l i b r a r i e s  fo r  which th is  

type of in ter ference  is avoided. 

3.2 Analytical Descript ion of the Phenomena of 
Spurious Code Generation 

In th is  sect:-on, we prove the following: 

Result: Suppose that a and b a r e  binary (*I) sequences on the I and Q 

channels,  respectively, and that sequence b is delayed 112 bit 

(SQPN). The spurious sequences which a r e  generated on the  I 

and Q channels,  respectively,  due t o  filtering and hard-l imit ing 

are: 

I Channel r a be b 
1 

Q Channel r be a a ,  
-1 

where b is the sequence b delayed by one chip and a is the 
1 - 1 

sequence a advanced by one chip. 

Proof: The sequence a on the I channel g e t s  amplitude modulation due - 
t o  f i l ter ing and hard-l imit ing when and only when the transi t ion 

sequence of b, namely b e  b is -1. The output a of the I 1' fL 
channel a f t e r  f i l ter ing and hard-limiting may thus be  computed 



The spurious sequence out of the I channel after filtering and 

hard-limiting i s  a b b 
1 ' 

Similarly, the sequence b on the Q channel gets amplitude mod- 

dulation due to filtering and hard-limiting when and only when the 

transition sequence of a,  namely (a a ) , i s  -1. The transition 
1 -1 

sequence in this case  must be advanced one chip because of the 

staggering of the sequence b. The output b of the Q channel fL 
after filteriilg and hard-limiting may thus be cornpilted as :  

= b ( l + m 1 ) -  m l b  ( a - a  ) . 
1 - 1  

The spurious sequence out of the Q channel after filtering and 

hard-limiting is b a a .  - 1 
3 . 3  Results for Masimal Seauences 

If the sequences ? and b on the I and Q channels, respectively, 

a r e  maximal P N  sequences, then t h c  formulas given in the above paragraph 

for the spurious sequences on'the I and Q channels become: 

I Channel 
a b4b(l) 

Q Channel 5 b a 
-l+l$a(l) ' 

where I$ and j a r e  the shift-and-add functions of the maximal sequences 
a b 

a and b ,  respectively. 

If the sequence b i s  a proper phase shift b = a7 of the maximal 

sequence a, a s  in the case of the Mode 1 Return link codes, then the above 



formulas for the spurious sequences become: 

I Channel: a 
qa(7 + 4 p  1) 

Q Channel: a 
T +  o ~ ( - I  - T +  4 a .  (1))  * 

3 . 3 . 1  Selection of the Mode 1 Return Link Code Library 

The Mode 1 Return Link codes were selected from the 7776 maxi- 
18 ma1 P N  sequences of period 2 -1. The following three criteA*ia were 

imposed on those sequences which were selected fo r  the TDRS Mode 1 

return link library. 

(a) The number of feedback taps required by the shift register 

generating the sequence i s  at most 8. 

(b) The modulo-2 sum of the output of the ninth and eighteenth 

stages of the shift register,  which i s  used a s  the Q channel code, differs . 

in phase from the output of the eighteenth stage, which i s  used as  the I 

channel code. Table 2 contains a l i s t  of 128 codes meeting cr i ter ia  (a) 

and (b). Column 1 of Table 2 contains the feedback taps for the shift 

regis ter  generators in octal notation. Column 2 of Table 2 contains the 

minimum absolute value of the phase differences between the two codes. 

(c) The maximal code and i ts  phase shift, which a r e  used on the 

I channel and Q channel, respectively, result  in a spurious code. 

The spurious codes which appear on the I and Q channels a r e  

both phase shifts of the original codes on these channels. The codes 

chosen for the TDRS l ibrary were such that each of the spurious codes 

differs from the original codes by at  least  5000 chips. The formula for  

each of the spurious codes was given above in t e r m s  of the original code 

a used for the I channel, i t s  phase shift aT used for the Q channel, and 

the shift-and-add function of the code. 

For each code selected, the following inequaliri.. s were satisfied: 



The exact values for these quantities which represent the separation 

between each of the spurious codes and the I and Q ch-annel codes are  

give in columns 3 through 6 of Table 2. 



Table 2. Spurious Code Separation on I and Q Channels for Maximal 
PN Codes 

Feedback 
Tap 7 A B C D 
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Table 2 (continued) 

Feedback 
I Tap 7 A B C D 



Table 2 (continued) 

- 
Feedback 

Tap 7 A B C D 



3.4 Results  f o r  Gold Codes 

When two m e m b e r s  of a family of Gold codes a r e  used in SQPN, 

then the spur ious  sequences which appear  on the I and Q c h a ~ e l  due to 

filtering and hard-limiting a r e  a lso  m e m b e r s  of the  Gold family. More  

precisely,  we have the following. 

i Result: Let  Ig i a *  b I be a family of Gold codes generated by the  
il 

maximal  l inear  P N  sequences a and b . Suppose that, o n  the  
i I channel, we have the code g and that on the Q channel, we 

j have the  code g . The spurious codes on the I and Q channels,  

respectively, a r e  

i - 1 + s b [ j - i + b ( l  )] 
I Channel: g 

j -  l+gb[-Cj-i)- 1+6~(1)] 
Q Channel: g . 

i j 
Proof: Using the  r e su l t  of Section 3.2 with a = g and b = g , we have - 

the  following express ion for  the spurious codes: 



Q Channel: b a - 

Corollary: If the argument of the shift-and-add function in the above 

expressions is zero, then the spurious sequence in the corre-  

sponding channel i s  a maximal sequence. 

3.5 Construction of Mode 2 Return Link Library 

The code library for the h.lt,de 2 return link consists of 85 code 
11 

pairs of period (2 -1) selected from the members of a Gold family. 

The f i rs t  member of the code pair is used for the I channel and the 

second member of the code pair i s  used for the Q channel. The code 

pairs of the librbry a r e  chosen s o  that the spurious Gold codes which 

occur on the I and Q channels, respectively, due to filtering and hard- 

limiting do not belong to the l ibrary of 85 codes and hence cannot cause 

interference problems. I.. the following section, we show how the l ibrary 

is constructed, 

3.5.1 Code Library Equations 

The spurious codes which appear on the I and Q channel, respcc- 
i j tively, when the code pair of the l ibrary i s  g and g have been shown in 

Sectiorl 3.4 to be: 



i -  1 + ~ ~ [ ( j - i ) + ~ ~ ( l ) ]  
I Channel Spurious Code: g 

j -  1 +6,[-(j-i)- 1 +ob(l)] 
Q Channel Spurious Code: g 

We f i r s t  choose j and i such that the argument of 4 in the expression 
b 

for the Q channel spurious code i s  zero. Thus, we have: 

$I (1) i s  computed to be 1029 and hence we hew:  b 

This choice of j guarantees that the spurious code which appears on the 

Q channel will be some phase shift of the maximal sequence a and hence 

not a member of the code library. 

With the above choice of j ,  the spurious code which appears on 

the I channel i s  

eb(lO) is computed to be 1495 and hence we have for the spurious Gold 

code on the I channel: 

We now choose for the codes of the I channel the Gold codes 

and for  the corresponding codcs of the Q channel 

The spurious codes on the Q channel will always be a phase shift of the 

maximal sequence a .  The spurious codes on the 1 channel will be the 

Gold codes 



3.5.2 Generation of Cold Codes 

In order  to generate the Cold codes specified in Section 3.5.1, we 

define a to be the maximal l inear code generated by the polynomial 
- 2 5 8 1 1  

1 + x + x + x + x and having the initial conditions 

0 0  0  1 (octal) = 0  0 0 0 0 0 0  0  0 0  1  (binary) . 
We define b to be the maximal l inear code generated by the polynomial 

2 
1  + x + xl' and having the initial conditions 

0 0 0 1  (octal) = 0 0 0 0 0 0 0 0 0 0 1  (binary). 

0  
The Gold code g = a -  b ,  fo r  example, i s  thus generated by the shift 

regis ter  configuration shown in Figure 5. 

Figure 5. Generation of Gold Codes 



k 
The Gold code g i s  generated by delaying the sequcncc b by k bits with 

respect to  the sequence a and multiplying the resultant sequences a and 
k 

bk to obtain g = a b k * 
To obtain the initial conditions of the sequence b we clock the 

11 1' 
generating shift regis ter  in Figure 5 (2 -1) - 1 times. 

The initial conditions of the sequence b correspond to the state k 
vector of the upper regis ter  of Figure 5 when it i s  clocked (111-1) - k 

k 
times. Thus, to generate the Cold code g using the configuration of 

Figure 5, we use these initial conditions for the upper regis ter  and the 

initial conditions 0 0 0 1 (octal) 0 0 0 0 0 0 0 0 0 0 1 (binary) for thri lower 

register. The initial conditions required to generate the code pairs  deter- 

mined by the equations of Section 3.5.1 have been computed and a r e  listed 

in TaSle 3. 

Table 3 contains a listing of the 466 pairs  of Gold codes (specified 

by the initial conditions of the regis ters  A and C in Figure 4 )  determined 

by the equations of Section 3.5.1. Each of the 466 code pairs  in the listing 

has the property that, i f  the f i rs t  member is used on the I channel and the 

second member  is used on the Q channel, the spurious codes which result 

from filtering and hard-limiting will not be any of the codes contained in 

this listing. Those code pa i r s  of Table 3 for which both members  a r e  

balanced a r e  designated by * and the f i rs t  85 such code pairs  were taken 

for the TDRSS Mode 2 return link code library. 



T
a
b
l
e
 3

. 
C

o
ld

 C
o

d
e 

P
a

ir
s 

fo
r

 I
 a

n
d

 Q
 C

h
ar

m
el

s 

In
it

ia
l 

C
on

d
it

io
n

s 
fo
r 

. 
N

u
m

b
er

 o
f 

. 
N

u
m

b
er

 o
f 

N
u

m
b

er
 o
f 

B
a

la
n

ce
d

 
P

a
ir

 
I 

C
h

an
n

el
 

Q
 C

h
an

n
el

 
O

n
es

 f
o

r 
I 

O
n

es
 f
or
 Q

 
P

a
ir

s 

1
 * 

2 
* 

3 4 5 
* 

6
 

7 8 9
*
 

lo
*

 
1

1
6

 
1

2
* 

1
3

. 
1
4
 

1
5

 * 
1

6
 6 

1
7

 
1

8
 

I
S
*
 

to
* 

2
 1

 
2

2
 

2 
3 

* 
2

4
+

 
2 

5 
2

b
*

 
Z
7
*
 

2
3

+
 

2
3

+
 

3
0
*
 

3
1
*
 

3
2
*
 

3
3
*
 









*i l 

1 1 

PI' 4 .  . . , . , r . ,  ,,,*..-m-*- 1 
.>IIC. --..'-I "--- - , , . .-,..,.- ".* . , ,,, . , ,.,.. , .. I 

















4.0 SPECTRAL PROPERTIES O F  F O R W A R 3  LINK CORlXlAND 
CHANNEL AND MODE 2 RETURN LINK CODES 

4. 1 Introduction 

One of the reasons for encoding transmissions in the TDRSS is 

to achieve signals which satisfy flux density restr ict ions imposed by the 

International Radio Advisory Committee (IRAC). The maximal l inear 

sequences such a s  were selected for the encoding of the Mode 1 Return 

Link a r e  ideal in this raspect  since the spectral  lines generated by such 

code.". a r e  of uniform amplitude over the entire frequency band (except 

at multiples of the code repetition frequency) and hence the spectrum 

of the resultant transmissions consist of spectral  l ines which follow a 
2 2 

sin x /x  en-~elopc. 

Since the pseudo noise codes which were selected for the forward 

link command chancel and the Mode 2 return link a r e  Cold codes, they 

a r e  not maximal. The spectra l  l ines generated by these codes a r e  thus 

not of uniform amplitude and hence it i s  of in teres t  to compare spectral  

l ines  of the signal resulting from the use of these codes with those obtained 

using maximal codes of the same length. 



4. 1 Descript ion of Resul t s  

T h e  s p e c t r a  of the lo rward  link command channei and Mode 2 

r e t u r n  link codes  w e r e  computed and, fo r  each  case, the m a s i m u m  

s p e c t r a l  l ine  was  compared  w i h  the mas i lna l  s p e c t r a l  l ine  f o r  the c a s e  

of r, maxima l  pseudo noise  code of the s a m e  length. T h e  r a t io ,  

1 
10 log - P+l ma* j [ ~ ~ " l '  "L:' "3 # 

( P )  

where  a . is  the code and p is the code period,  i s  a m e a s u r e  of the  r e l a t i ve  

pe r fo rmance  of the nonmasimal  code l i b r a r i e s  i n  achieving low f l u s  densi ty  

when compared  with the  max ima l  P N  codes. 

Table contains  the above r a t io  ( l is ted under  the  co lumns  labeled 

"Spectral  Increase,  DB") f o r  each  u s e r  code f o r  the f o r ~ v a r d  link ccmmand  

channel  and the Mode 2 r e t u r n  link I and Q channels ,  

T h e  compute r  p r o g r a m  used t o  g e n e r a t e  the forward  link command 

channel and Mode 2 r e t u r n  link codes  and to compute the above r a t io  via  

the Fast F o u r i e r  T r a n s f o r m  i s  included in  Appendix A. 



Table 4 .  Spec:ral Increase Due to Nonmaximal Codes 





Table 4. (continued) 
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